• 1,1' -bis(neopentylamino )ferrocene were investigated by electrochemistry. The carbenes are easily oxidised to the corresponding radical cation, whose persistent nature is unprecedented in the chemistry of N-heterocyclic carbenes. The spin density is located at the Fe atom and the carbene C atom according to the results of EPR spectroscopic studies and DFT calculations. Figure I . Structures of the ferrocene-based N-heterocyclic carbenes 2 and their formamidinium precursors l. 2 is drawn in a way that highlights the six-membered ring structure.
The chemistry of N-heterocyclic carbenes (NHCs)[il has developed rapidly since Arduengo et al. described the first stable crystalline N HC, 1,3-di-I-adamantylimidazolin-2-ylidene (lAd),[2J in 1991. Based on pioneering work by the groups of Herrmann and Enders,[3 J they are widely applied as ligands in transition metal-catalysed reactions.[i c, lcl Their steric and electronic properties can be modified by the exocyclic substituents at the nitrogen atoms as well as by the backbone which connects the two nitrogen atoms. While five-membered NHCs based on imidazol, imidazolin and 1,2,4-triazol have received most attention so far, there is great current interest in "non-standard" NHCs, i.e. those with ring sizes other than five and/or with heteroatoms in the backbone.[4J With a view to redox-tunable catalysts, [5 J we have focused our efforts on [3] ferrocenophane-type NHCs, where formally a d-block metal atom constitutes an integral part of a six-membered ring ( Figure I ). • 1,1' -bis(neopentylamino )ferrocene were investigated by electrochemistry. The carbenes are easily oxidised to the corresponding radical cation, whose persistent nature is unprecedented in the chemistry of N-heterocyclic carbenes. The spin density is located at the Fe atom and the carbene C atom according to the results of EPR spectroscopic studies and DFT calculations. Independently from us, Bielawski and co-workers have also been addressing this system. They recently communicated the first two examples of such NHCs, generated in situ by deprotonation of the corresponding formamidinium tetrafluoroborates I (Figure 1 ).1 6J 2a (R = iBu) and 2b (R = Ph) proved to be too unstable for isolation, and only 2a was sufficiently stable for NMR spectroscopic characterisation in solution. However, both could be trapped by coordination to [RhCI(Lh] fragments. Electrochemical data proved to be in support of an electronic communication between the two metal centres in these Rh complexes, and throughspace 1t-backbonding between the Fe atom and the carbene C atom was invoked to be responsible for this.
By utilising bulkier substituents, we have been able to synthesise stable, isolable NHCs of this kind. This gives us the opportunity for a detailed investigation of the redox 4607 First publ. in: European Journal of Inorganic Chemistry (2009 ), 31, pp. 4607-4612 Doi: 10.1002 We recently reported the preparation, isolation and structural characterisation of 2e (R = 2-adamantyl) and its complexes [RhCI(2e)(cod)] (cod = 1,5-cyclooctadiene) and [Mo(2e)(CO)4]. [9] We have now obtained the slightly less bulky neopentyl analogue[4j] 2d by deprotonation of ld with lithium diisopropylamide in 54% yield after standard workup (for experimental details, see the Supporting Informatiori). Like its adamantyl analogue 2e, 2d can be stored at room temperature in an inert atmosphere for months without noticeable decomposition . The 13C NMR signal of the divalent carbon atom is observed at () = 268 .1 ppm, which is close to the value of 260.7 ppm found for 2e.[9j While Bielawski and co-workers failed to obtain the formamidinium salt Id,f 6 1 the synthesis of this NHC precursor from triethyl orthoformiate, ammonium tetrafluoroborate and 1, I' -bis(neopentylamino )ferrocene worked well in our hands. The structures of td and 2d were determined by single-crystal X-ray diffraction (Figures 2 and 3 ). In the case of 2d, two independent molecules are present in the asymmetric unit, whose bond parameters are essentially identical. distance between the formamidinium carbon atom and the iron atom is ca. 3.31 A. In the case of 2d, the average N-C-N angle is ca. I20S, the C-N bond lengths in this unit are ca. 1.36 A and the Fe-Ce"rbcllc distance is ca. 3.44 A.
These values are similar to those observed for the 2-adamantyl analogues Ie and 2e and indicate a lower degree of n-delocalisation in the NHC as compared to the formamidinium precursor.l9]
The steric bulk of the neopentyl group present in 2d is intermediate between that of the 2-adamantyl group present in the stable NHC 2e and that of the isobutyl group present in 2a, which turned out to be too unstable for isolation. We have started to study the coordination chemistry of 2d in order to compare its behaviour with that of these two analogues. The higher solubility of 2d and its complexes in comparison to that of 2e and its complexes was beneficial in this context, since it facilitated characterisation by 13C NMR spectroscopy. In analogy to 2a and 2e, the reaction of 2d with [{Rh(Il-CI)(cod) h ] proceeded smoothly and swiftly at room temperature, affording [RhCI(2d)(cod)] in high yield . The car bene C atom gives rise to a doublet ('J Rh -C 47 .9 Hz) at b = 227.5 ppm in the 13C NMR spectrum. The product was structurally characterised by singlecrystal X-ray diffraction (Figure 4) . The carbene C atom is in a trigonal planar environment (sum of angles ca. 360°).
Its bond length to the Rh atom is 2.089(6) A, which compares well with the corresponding values of 2.044(4), 2.059(4) and 2.088 (10) A reported for [RhCl(2a)(cod)], [6] [RhCI(2b)(cod)] [6] and [RhCI(2e)(cod)], [9] (2025, 1905, 1876 and 1828 cm-I ) . [9] The formation of the 16 valence electron complexes [Mo(L)(CO)4l (L = 2e, 2d) demonstrates the exceptional steric bulk of these two NHC ligands. The only previous example of a related low-coordinate 16-valence-e-NHC complex was reported by Nolan and co-workers, who unexpectedly obtained [Ni(lAd) of a chemically reversible (i .e. , ip,rev/ip,forw. = I), but electrochemically only quasi-reversible, one-electron oxidation wave which is followed by a partially reversible (2e) or irreversible {2d, [RhCI(2d)(COh)} second oxidation at a more than 0.6 V higher potential ( Figure 5 ). Quasireversibility arises from somewhat sluggish electron transfer kinetics as is evident from increasing differences of the halfwidths of the forward waves Ep.r -Ep,f/2 and peak potential separations !:lEp when compared to the internal ferrocene standard with increasing sweep rate over the range from 25 mV/s to I Vis and with decreasing temperature. Electron transfer kinetics of the second wave/peak tend to be even slower than those for the first one as follows from a further wave broadening with increasing sweep rate. These nonidealities were a particular problem on platinum electrodes, while glassy carbon electrodes performed better. Half-wave potentials E II2 0I+ for the first oxidations are -0.415 V for 2e, -0.42 V for 2d, and +0.44 V for [RhCI(2d)(COhl, while the second oxidation occurs at EII2 +/2+ = +0.20 V for 2e.
We note that the irreversible oxidation of the imidazolin-2-ylidene derivatives reported by Clyburne and co-workers occurred at Ep "" -0.4 V vs. the same ferrocene/ferrocenium scale.P 1 Owing to the chemical irreversibility of the second oxidation step, only peak potentials can be provided for 2d and for [RhCI(2d)(COhl (Ep = +0.46 V and + 1.08 V at v = 50 mV/s, respectively) . The neopentyl-substituted NHC 2d proved to be very moisture-sensitive and also reactive towards CH 2 CI 2 • It has nevertheless been possible to determine its half-wave potentia l in the CH 2CI2/[NBu4l[PF6l electrolyte system as E 1I2 o / + = -0.405 V against the ferrocene/ferrocenium standard. Although the electrochemical cell was filled in a glove-box and maintained under a blanket of dried argon at positive pressure during the course of the measurements, small amounts of the hydrolysis product were observed in THF, which give rise to a weak anodic peak at ca. -0.03 V (Figure 5, c) . However, no growth of the wave of the hydrolysis product was observed during the experiments. This slight contamination, which is due to the remaining traces of water at the beginning of the experiment, should not affect the potentials of 2d.
In order to determine the electron count for the first wave of the free ferrocene-based carbenes, the slopes of i vs. r ll2 plots in chronoamperometry and the limiting currents in linear sweep voltammetry of 2d were compared to those of the decamethylferrocene standard under identical conditions according to the method described by Baranski et a1. P )] The value of 0.90( ± 0.1) is slightly low but clearly establishes its one-electron nature. Proof that this wave is indeed an oxidation and not a reduction comes from the negative sign of the limiting current in linear sweep voltam me try and the fact that the cathodic baseline of the 2d/2d'+ couple approaches the limit of zero current (see Figure 5 ).
Precursor ld is reversibly oxidised at E1/2 = +0.630 V while I, I'-bis(neopentylamino )ferrocene undergoes a reversible iron-centred oxidation at -0.695 V in CH 2 CI 2 and at -0.785 V in THFIO .
In the latter electrolyte, two additional consecutive oxidations of the amino substituents at -0.045 V (reversible) and at +0.355 V (irreversible, Ep at 0.1 VIs) are observed ( Figure 5 ). The peak current ratio i p ,f(3/i p ,f( 2) of the anodic peak currents for the third and second oxidations is invariant to sweep rate thus indicating that this wave arises from the third oxidation of the I, I ' -bis(neopentylamino)ferrocene rather than from degradation following the second oxidation. Particularly astounding is the strong anodic shift of the first oxidation of 2d upon protonation (1.035 V) or upon coordination of the [RhCI(COh] moiety to the carbene centre (0.845 V) . The very negative half-wave potentials of the first oxidations of 2c and 2d and the strong anodic shifts upon blocking the carbene lone pair argue for a strong thermodynamic stabilisation of 2c-+ and 2d'+, possibly by an intramolecular interaction between the carbene C atom and the Fe atom . However, it is unclear from the electrochemical data, whether the first oxidation occurs predominantly at the ferrocene moiety or at the carbene C atom .
To identify the site of electron removal we have applied EPR spectroscopy. Whereas oxidation of the car bene centre is expected to deliver a signal typical for organic radicals with very small g anisotropy and average g values close to the value of ge = 2.0023 for the free electron,P 4] a ferrocenecentred oxidation would deliver a signal with very large g anisotropy with one component appearing close to g = 4.l 151
For the present cases, the species 2c'+ and 2d'+ (electro- These values point to a situation where the unpaired electron is delocalised over the molecule with substantial spin density on the ferrocene as well as the carbene part.
[l6] The persistence of 2c'+ and 2d'+ (chemically generated by oxidation with one equivalent of ferrocenium hexafluorophosphate) was checked by temperature-dependent EPR measurements. Both compounds showed essentially identical behaviour. Starting at a temperature of 110 K, no loss of signal intensity was observed within I h in frozen solution at various higher temperatures up to the freezing point of the solution. When the oxidised species was subsequently left in fluid solution at 295 K for an additional period of I h and the spectrum was recorded again at 110 K, this spectrum showed ca. 60 % intensity compared to the spectrum recorded at the beginning of the experiment.
DFT calculations at the BP86/def2-SVP level which were performed for 2e'+ (R = Me) and 2f+ (R = H) strongly support the de localised nature of these radical cations (Figure 6 , Table I ). In both cases the spin densities are mainly located at the Fe and the carbene C atom. Spin densities at other atoms are negligible. Note that according to the calculations the distribution of the spin density may significantly change for different groups R which is in agreement with the clearly different experimental g components in 2c'+ and 2d·+. The optimised geometries for 2e'+ and 2f+, which comply quite well with the experimental values for 2d'+, are given in the Supporting Information.
• (a) (b) Figure 6 . BP86/def2-SVP spin density of (a) 2e'+ and (b) 2f+. Red surfaces indicate regions of a density excess while regions with P density excess are indicated by yellow surfaces. In summary, we have demonstrated that ferrocene-based NHCs of type 2 are comparatively bulky redox-active ligands with very strong electron-donor capacity. They can be oxidised to the corresponding radical cations, whose long-lived nature is unprecedented in NHC chemistry. The spin density in these radical cations is located at the Fe atom and the carbene C atom . NHCs of type 2 represent a new subgroup of non-innocent ligands (NILs)!!7] based on ferrocene, since their redox activity rests not solely on the ferrocene nucleus. This adds an important new facet to the already rich chemistry of N-heterocyclic carbenes and their complexes.
Supporting Information (see also the footnote on the first page of thi s article): Experimental details for the preparation of all new compounds (including spectroscopic and ana lytical data); crystallographic details for all structurally characterised compounds; experimental details for the electrochemical studies; EPR spectroscopic details (incl uding figures showing EPR spectra of 2e' + and 2d' +); computational details (including Cartesian coordinates of calculated minimum structures in tabular fo rm and figures showing calculated minimum geometries). 
